Rev, an important accessory protein of equine infectious anaemia virus (EIAV), induces the nuclear export of incompletely spliced viral mRNAs. Rev is translated from the tat-rev mRNA through leaky scanning of the tat CUG. In this study, the function of the Kozak sequence at the beginning of the rev ORF was investigated. Deletion or attenuation of the Kozak sequence resulted in expression of an N-terminal 11 aa-truncated Rev in addition to WT Rev. Truncated Rev displayed weaker promotion of Gag expression and processing than WT Rev. Furthermore, EIAV rescued from an infectious molecular clone (pEIAVUK3) with Kozak attenuation exhibited decreased viral replication in host cells in vitro. These results provide a new understanding of the relationship between EIAV Rev expression and viral replication.
Equine infectious anaemia virus (EIAV) is a member of the genus Lentivirus in the family Retroviridae. Although the genome structure of EIAV is similar to that of other lentiviruses, EIAV is the simplest lentivirus, with only three accessory proteins: Tat, S2 and Rev (Cook et al., 2013) . The accessory protein Rev induces the nuclear export of incompletely spliced viral mRNAs and genomic RNA by interacting with the Rev-responsive element (RRE) present in mRNAs (Carpenter & Dobbs, 2010) , thereby contributing importantly to viral replication in host cells. Rev contains 165 aa and is translated from exons 3 and 4 of the bicistronic tat-rev mRNA through leaky scanning of the tat CUG (Carroll & Derse, 1993) . However, it is unclear whether other mechanisms can regulate translation of the tat-rev mRNA to ensure the proper expression of Tat and Rev and ultimately regulate virus replication.
In vertebrates, Kozak sequences play a key role in the initiation of translation. The vertebrate Kozak sequence is gccRccAUGG (R=A or G) , and the purine (R) at position À3 and the G at position +4 have strong effects (Kozak, 1999) . A single-nucleotide polymorphism (SNP) altering the Kozak sequence can result in either initiation at an upstream AUG or 'leaky scanning' with downstream initiation, but usually at reduced efficiency. Studies have shown that Kozak sequence mutations correlate with different phenotypes of Mendelian disease; for example, b-thalassaemia has been linked to a mutation that creates a strong upstream AUG (Cai et al., 1992) . In a case of sporadic breast tumour, researchers found that a somatic GfiC mutation in the crucial À3 Kozak position of BRCA1 produced 70 % less protein product and exhibited reduced association with polyribosomes (Signori et al., 2001) . In the present study, a Kozak sequence was identified at the beginning of the EIAV rev ORF, and its function in regulating EIAV Rev expression was investigated.
The Kozak sequence was identified as follows. An 11 nt sequence between the tat and rev ORFs was found by screening of the sequence structure of the tat-rev mRNA of the EIAV UK3 strain. The last six bases (AACAGC) of this 11 nt sequence in combination with the first four bases (ATGG) of the rev ORF constitute a characteristic Kozak sequence (Fig. 1a) . Furthermore, alignment analysis of the tat-rev mRNA sequences from all representative EIAV strains revealed the presence of a similar Kozak sequence (Fig. 1b) .
together with different upstream regulation sequences into pCDNA3.1-HA, which was transfected into 293T cells in six-well plates (Fig. 1c) . Rev expression was detected by Western blotting using an anti-HA mAb (Sigma) or an antiRev mAb (produced by our laboratory) followed by a secondary goat anti-mouse IRD800-conjugated antibody (Sigma). The results showed that the Rev-WT Kozak, RevStrong Kozak and tat-rev mRNA-WT Kozak plasmids expressed only one protein with a size of 20 kDa, the same size predicted for WT Rev. However, the Rev-no Kozak and tat-rev mRNA-Mu Kozak plasmids produced two protein bands: one 20 kDa band and a smaller one. The 20 kDa bands produced by these two expression plasmids were weaker than the band produced by the above three Rev expression plasmids (Fig. 1c) . Because this smaller protein was recognized by the anti-Rev mAb, we hypothesized that it was a truncated form of WT Rev (Fig. 1c) . The truncated form of WT Rev can also be detected in foetal dermal cells (FDDs) after transfection with the Rev-no Kozak or tat-rev mRNA-Mu Kozak plasmid (data not shown). Interestingly, two ATGs were discovered in the 5¢ rev region at a 30 bp interval via alignment of rev ORFs from representative EIAV strains (or 33 bp from the EIAV LIA and EIAV DLV strains) (Fig. 1d) . A similar smaller protein was expressed by changing the first ATG of Rev to CCG (Fig. 2a) , suggesting that truncated Rev could be expressed if translation started from the second ATG. These results demonstrated that this small protein is indeed an N-terminal 11 aa-truncated version of Rev. Therefore, deletion or attenuation of the Kozak sequence [A to T mutations at positions À6 and À3 in the WT Kozak sequence, see Fig. 1(c) ] resulted in simultaneous expression of a truncated Rev and the fulllength WT Rev.
To elucidate whether the biological functions of the truncated Rev and WT Rev are distinct, the effect of these two forms of Rev on Gag production was examined. Two plasmids (pONY8.1-G and pONY8.1+A) were derived from pONY8.1, a transgenome plasmid used to package EIAV pseudovirus that contains the EIAV genome (Rohll et al., 2002) . The pONY8.1 plasmid carries an A deletion between the first and second ATG of the WT rev ORF.
pONY8.1+A was constructed by recovering this A in pONY8.1, and pONY8.1-G was generated by deleting the G of the second ATG in the pONY8.1 rev ORF (Fig. 2b) . Correspondingly, pONY8.1-G does not express Rev, whereas pONY8.1 and pONY8.1+A expression truncated Rev and WT Rev, respectively (Fig. 2b) . These pONY plasmids express Rev through natural RNA splicing, but not an artificial assembly of the Rev exon 1 and exon 2. When host cells were infected with EIAV UK3 , WT Rev was expressed and detected as a band with a size similar to the Rev protein expressed by pONY8.1+A (Fig. 2b) . Next, these three pONY plasmids or pcDNA-based Rev expression plasmids (Rev-WT Kozak or Rev M1A) were co-transfected into 293T cells with the EIAV Gag-Pol expression plasmid pUKGP (Fig. 2c) . At 48 h posttransfection, the viral Gag proteins in the cell lysate and supernatant were detected by Western blotting with EIAVpositive serum. Each Gag band in the cell lysate and supernatant was quantified using ImageJ. The densities of the four Gag bands in the cell lysate were added together; this value represents total Gag expression. The ratio of processed Gag (three Gag bands under Gag 55 ) of total Gag was used to evaluate the efficiency of Gag processing. The relative fold changes in the cells transfected WT Rev or truncated Rev are shown in Fig. 2c . The results revealed both WT Rev and truncated Rev to be essential for Gag expression, processing and release (Fig. 2c) . However, truncated Rev exhibited attenuation with regard to strengthening Gag expression and processing compared with WT Rev. This result suggests that the N terminus of EIAV Rev is involved in Gag expression and processing (Fig. 2c) . To investigate which residues among the N-terminal 11 aa are responsible for promoting Gag expression, processing and release, three Rev mutants, Rev M1, Rev M2 and Rev M3, were generated (Fig. 2d) . Rev M1 and Rev M2 contain alanine substitutions at amino acids 3-6 and 8-11, respectively. To create Rev M3, all amino acids between the first and second methionines were substituted with alanines. Then, 1.5 µg UKGP and 0.5 µg of the Rev plasmids Rev-WT Kozak, Rev M1A, Rev M1, Rev M2 or Rev M3 were separately transfected into 293T cells. After 48 h, the viral Gag protein in the cell lysate and supernatant was detected by Western blotting. The results showed identical expression levels and similar activity for Rev-WT Kozak, Rev M1, Rev M2 and Rev M3. Although Rev M1A was expressed well, it showed weak function when compared with the WT and other mutants (Fig. 2d) . Taken together, these results suggest that deletion at the N terminus of EIAV Rev impairs its function, but further investigations to uncover the mechanism that the N-terminal domain of Rev utilizes to regulate its functions are underway.
Two additional experiments were performed to evaluate the influence of the attenuated Kozak sequence on viral replication. First, tat-rev mRNA-WT Kozak or tat-rev mRNA-Mu Kozak was co-transfected into 293T cells with pUkGP. Western blotting showed that tat-rev mRNA-WT Kozak had a stronger promoting effect on Gag expression and processing than tat-rev mRNA-Mu Kozak (Fig. 3a) . Second, to attenuate the activity of the WT Kozak sequence, two mutations were introduced into the Kozak sequence of the rev ORF in the EIAV infectious molecular clone pEIAVUK3 (Fig. 3b) . 293T cells were then transfected with pEIAVUK3 or pEIAVUK3-Mu, and Gag proteins in the cell lysate and supernatant were detected by Western blotting at 48 h post-transfection. Compared with the Rev-UKGP system, changing the Rev Kozak sequence in pEIAVUK3 resulted in a more notable decrease in virions in the supernatant (Fig. 3c) . This result suggests that in addition to influencing the expression and processing of Gag, these two mutations might also alter other aspects of the replication-competent virus. Moreover, EIAV UK3 (rescued from pEIAVUK3) and EIAV UK3 -Mu (rescued from pEIA-VUK3-Mu) growth in FDDs was compared. Stocks of these two viruses with an equal TCID 50 dose (1Â10 3 TCID 50 well
À1
) were used to infect donkey FDDs. The TCID 50 values were calculated by following the methods described in our previous publication (Ma et al., 2014) . The viruses in the culture medium were quantified by real-time quantitative reverse transcription (RT)-PCR as viral RNA copy numbers at various time points up to 5 days post-infection (Cook et al., 2002; Ma et al., 2011) . The experiments were replicated three times, and the results in the figures are presented as the mean±SEM. Significant differences between samples or groups were determined with Student's t-test in SAS 8.1, and a P value<0.05 was considered statistically significant. The results indicated a significant decline in virus accumulation in the FDD culture for EIAV UK3 -Mu compared with EIAV UK3 (Fig. 3d) . In addition, the similar Env expression (Fig. 3d) and similar intracellular virus RNA copies at 3 h post-viral infection (Fig. 3e ) demonstrated that two mutations introduced into the EIAV molecular clone did not alter Env expression or viral entry, even though these two mutations did cause two residue changes of N44Y and S45C at the N terminus of the Env protein. Taken together, these results indicated that the Kozak sequence upstream of rev in the tat-rev mRNA is indispensable for effective replication of EIAV. This function is most likely maintained by regulating the expression of full-length Rev.
